OBJECTIVE: To investigate alterations in whole body fat oxidation after 7 and 14 weeks of progressive endurance training in sedentary elderly subjects. DESIGN: Longitudinal, 14 weeks of progressive endurance training on a cycle ergometer (3 training sessions per week). Full sets of measurements were performed before, and after 7 and 14 weeks of training. SUBJECTS: 13 healthy sedentary subjects (5 men, 8 women) (age 62.8 AE 2.3 y). MEASUREMENTS: 24 h indirect calorimetric measurements under standardised conditions: light-activity programme, ®xed food composition, neutral daily energy balance. Body composition (by isotope dilution and skinfold thicknesses). Maximal oxygen consumption. RESULTS: Loss of 0.7 kg fat mass in the ®rst 7 weeks of training and a further 2.4 kg of fat in the second 7 weeks. There was a transient increase in sleeping fat oxidation after 7 weeks of training ( 26.1%), associated with transient increase in daily fat oxidation ( AE 11.9%), but fat oxidation then returned to baseline values in the second 7 weeks. There was a correlation between within-subject changes in sleeping fat oxidation after 7 weeks of training and variations in FFM (r 0.62, P 0.02) and maximal oxygen consumption (r À0.56, P`0.05). CONCLUSION: In sedentary elderly subjects, progressive endurance training was associated with a transient increase in sleeping fat oxidation and daily fat oxidation. In free-living conditions, possible changes in daily fat oxidation may have induced a negative fat balance, as judged by fat mass loss.
Introduction
Muscle mass loss and fat mass gain are usual alterations in body composition during ageing.
1,2 An increase in fat mass results from a positive fat balance, that is a situation where lipid intake and synthesis are higher than lipid utilisation. An increased fat mass results from a positive fat balance, that is a situation where lipid intake and synthesis are higher than lipid utilisation. Lipid intake (as a percentage of energy intake) is either decreased 3 or unchanged 4 with ageing. Age-related alterations in de novo lipogenesis have not been studied, whilst a decrease in lipid utilisation during ageing could be suspected. As a signi®cant part of fat oxidation occurs at the muscle level 5 , it can be hypothesised that decreased muscle mass in the elderly can reduce fat oxidation, especially since the age-related loss of fat free mass (FFM) was shown to be correlated with a decrease in resting fat oxidation in women. 6 Physical training is known to stimulate fat oxidation during exercise in young adults 7 . Furthermore, a higher resting fat oxidation has been reported in young trained men compared with young sedentary men 8 . In elderly people only two studies have investigated the effects of physical training on fat oxidation: one consisted of an endurance training programme lasting 8 weeks 9 and the other one consisted of a resistance training programme lasting 16 weeks. 10 Short-term endurance training induced a 22% increase in basal fat oxidation, 9 whereas 16 weeks of resistance training resulted in a 62% increase in sleeping fat oxidation and a 93% increase in daily fat oxidation. 10 These studies showed major differences in the extent of changes in fat oxidation. This suggests that the mode (resistance or endurance) and duration (16 or 8 weeks) of training has to be taken into account. In addition, in the study of Poehlman et al, 9 the increase in basal fat oxidation was not suf®cient to draw conclusions on daily fat oxidation and therefore on daily fat balance. This is important since the increase in basal fat oxidation was not associated with fat mass loss. Therefore, measurements on a 24-h basis are required.
The aim of the present study was to determine alterations in sleeping and daily fat oxidation after 7 and 14 weeks of endurance training in initially sedentary elderly people. The hypothesis was that increasing muscle mass would result in an increased daily fat oxidation, a negative daily fat balance and therefore fat mass loss. The endurance training program was progressive and adapted to each volunteer's physical capacities in order to motivate the subjects to participate in regular exercise after the end of the protocol.
Subjects and methods

Subjects
Thirteen subjects (5 men and 8 women) aged 62.8 AE 2.3 y completed a 14-week endurance training programme. All subjects were previously sedentary, that is they did not participate in any regular exercise programme. They were non smokers, not suffering from any diagnosed disease and under no medication known to in¯uence energy metabolism. All women were postmenopausal and none were receiving estrogen replacement therapy. All subjects had a medical examination and successfully performed a maximal aerobic capacity test on a cycle ergometer (Ergomeca, Monark, Sweden), under supervision by a cardiologist. The study protocol was approved by the national Ethical Committee on human research for medical sciences.
General study design
After completion of the maximal aerobic capacity (MAC) test, the subjects spent 18 h (1 evening, 1 night and 1 morning) in whole-body calorimeters to become accustomed to the equipment. Seven days later, they spent 36 h (1 night and 1 whole day) in the calorimeters where respiratory gas exchanges were measured continuously. They followed a light-intensity activity programme and received meals adapted to their energy needs. Upon exiting the calorimeters, blood samples were taken in the fasted state for the determination of plasma insulin and free-fatty acid (FFA) concentrations. Height and body composition measurements were performed on a separate day. This whole set of measurements was performed again after completion of 7 and 14 weeks of endurance training.
Maximal aerobic capacity test: guidelines for the training exercises
The MAC tests were performed on the same cycle ergometer (Ergomeca, Monark, Sweden). The subjects performed several successive 2.5 min steps of increasing power output (by 30 W steps) until exhaustion. The pedalling frequency was maintained at 60 rpm and the heart rate was recorded continuously (Schiller AG, Cardiovit CS-6a12, Baar, Switzerland). Oxygen and CO 2 fractions in expired air were measured continuously by open-circuit spirometry and averaged every 30 s using an automated on-line system (Med Graphics CPXI D, St Paul, MN, USA). The three criteria for reaching the maximal oxygen uptake (V Á O 2max ) were: a plateau in oxygen consumption; a respiratory quotient higher than 1.1; and a maximal heart rate close to the theoretical maximal heart rate (220 ± age(y)).
Blood pressure and earlobe blood samples for lactate concentration measurements (Analox LM5, Analox Instruments Ltd., London, UK) were taken before and at the end of each 2.5 min step of the test. V Á O 2max , the corresponding maximal heart rate and maximal aerobic power output were determined. Lactic threshold was determined from blood lactate concentration kinetics during the MAC test. The corresponding heart rate and power output were used as guidelines for subsequent individualised training.
Endurance training programme
The training programme consisted of cycling on a Monark cycle ergometer 3 times a week for 14 weeks. All training sessions were performed at the laboratory under supervision by an investigator. They began with a 10 min warm-up period and ended with a 10 min cooling-down period on the cycle ergometer. During training, exercise power output was adapted to achieve the target heart rate. In the ®rst 2 weeks of training, exercise consisted of 20 min cycling at heart rate corresponding to 50% V Á O 2max . During the third week of training, it consisted of interval-training episodes alternating between heart rate corresponding to 50% V Á O 2max for 5 min and heart rate at lactic threshold for 3 min. 11 Thereafter, intensity and duration of the interval-training episodes were gradually increased so that they alternated between heart rate at lactic threshold and heart rate above lactic threshold during the second 7-week period.
Body composition measurements
Body weight (BW) was measured to the nearest 0.1 kg on a SECA 709 scale (SECA, Les Mureaux, France). Height was measured to the nearest 0.2 cm. Total body water (TBW) was estimated by isotope dilution of D 2 O using Coward's equation. 12 The results were corrected for the 4% overestimation due to hydrogen exchanges between water and nonaqueous materials. 13 Whole-body density was estimated from measurements of skinfold thicknesses at four sites, using the gender and age speci®c equations of Durnin and Womersley.
14 Percent fat was calculated from TBW and whole-body density using an equation determined from water, fat and solids densities (0.9937, 0.9007 and 1.555, respectively): 15 percent fat 100 Â 2X137abody density À TBWaBW Â 0X774 À 1X374 FFM was calculated from BW and percent fat, therefore making no assumptions about hydration of FFM.
Plasma insulin and FFA concentrations
Plasma insulin was measured by speci®c radioimmunoassay (CIS Biointernational, Gif-sur-Yvette, France) and plasma FFA concentrations were
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Activity programme and food intakes in the calorimeters
The activity programme in the calorimeters was as follows: 30 min walking at a given speed, 2 times 20 min walking at 2 self-chosen speeds, 2 times 20 min light-standardised standing activities, 8 h sleep, 1 h basal resting conditions, and rest during the remaining time. Food energy supply was calculated to provide 121 and 130 kJ.kg BM
À1
.d
À1 for women and men, respectively (50% of energy as carbohydrates, 34% as lipids, 16% protein), which was shown to induce a neutral energy balance on average for this activity program. 16 
Indirect calorimetry measurements
Respiratory gas exchanges were measured continuously using two open-circuit whole-body calorimetric chambers. 17 Gas analysers were calibrated upon commencement, after 13 h (evening) and at the end of the 24 h-measurement period using standard gas mixtures. Gas exchanges were computed from the minute by minute measurement of outlet air¯ow, differences in gas concentrations, atmospheric pressure, chamber air temperature and hygrometry, and taking into account the gas analysers drifts and the variations of the volumes of CO 2 and O 2 in the chambers. The validity of gas exchange measurements was checked gravimetrically, comparing the amounts of gases (CO 2 , O 2 ) analysed and those expected from the weights of gases (CO 2 , N 2 ) injected into the chambers during a 6 h period. 18 The recovery was 99.9 AE 1.3% for O 2 and 98.8AE 1.2% for CO 2 .
Urine was collected over 24 h (starting at 0700 h) for the determination of urinary nitrogen excretion. Energy expenditure was calculated using Weir's equation 19 from the minute by minute measurement of gas exchanges corrected for the urinary nitrogen excretion. Physical activity level was calculated as daily energy expenditure divided by sleeping metabolic rate. Daily energy balance was calculated from the difference between daily energy intake and daily energy expenditure, and expressed as percentage of daily energy expenditure.
Daily non-protein respiratory quotient (NPRQ) and fat oxidation were calculated from 24 h-gas exchanges and urinary nitrogen excretion using Ferrannini's equations. 20 Sleeping NPRQ and fat oxidation were determined during the last night in the calorimeters. Gas exchanges during sleep were computed over 5± 6 h, following the second hour after which the subjects had gone to bed, as described by Morio et al. 17 The calculations took into account the gas exchanges and the urinary nitrogen excretion measured between midnight and 0600 h.
Statistical analysis
Results are reported as meansAE standard deviation (s.d.) except for adjusted values (mean AE s.e.). Statistical differences in body composition, V Á O 2max , physical activity level, urinary nitrogen excretion, NPRQ and fat balance were established during the training period using a repeated-measures ANOVA design. When an overall difference was found to be signi®-cant, individual measurements were compared using the paired Student's two-tail t test. The neutrality of daily energy balance was checked using an unpaired two-tail t test.
Training-induced alterations in sleeping and daily fat oxidation were studied using an analysis of covariance (ANCOVA). This analysis took into account the signi®cant predictors of fat oxidation (daily energy balance and FFM) and the training stage. The latter was introduced as a three-level discrete variable (before, after 7 weeks and after 14 weeks of training). In this analysis, within-subject variations could not be taken into account. Therefore, signi®cant predictors of within-subject changes in fat oxidation were determined. Changes in fat oxidation during the ®rst 7 weeks of training were separated from those observed between the 7th and 14th week of training. Changes in fat oxidation were correlated to the signi®cant predictors using multiple linear regressions. Results were considered statistically signi®cant at the 5% level.
Results
Subject characteristics
Subject characteristics before training are presented in Table 1 . No gender differences were found in the changes in body composition and V Á O 2max throughout the training period. Therefore, men and women were pooled to improve statistical power for the further analyses. On average, BW remained constant throughout the training period. However, body composition changed as a result of endurance training (Table 2) . Fat mass decreased by 11.9AE 13.6% (that is, À3.1 kg) (P`0.001) while TBW increased by 4.0 AE 6.1% (P 0.05) after 14 weeks of training. However, FFM did not increase signi®cantly after 14 weeks of training ( 2.7 AE 4.5%, that is 2.4 kg, , before and after 7 and 14 weeks of training, respectively (P`0.05 vs zero; P 0.10, ANOVA).
Respiratory Quotient
Urinary nitrogen excretions were 9.6 AE 3.1, 9.1 AE 4.3 and 9.2 AE 4.3 g.d À1 , before and after 7 and 14 weeks of training, respectively (P 0.57, ANOVA). After correction for variations in daily energy balance, daily NPRQ varied from 0.868AE 0.023 to 0.852AE 0.025 and 0.865AE 0.019, before and after 7 and 14 weeks of training, respectively (P 0.09, ANOVA). Similarly, sleeping NPRQ varied from 0.845AE 0.043 to 0.815AE 0.035 and 0.844AE 0.027, before and after 7 and 14 weeks of training, respectively (P 0.01, ANOVA; 7 weeks vs before: P 0.01, 14 weeks vs 7 weeks: P`0.01; 14 weeks vs before: P 0.93).
Variations in sleeping fat oxidation
Between-subject differences in sleeping fat oxidation were correlated to between-subject differences in FFM and daily energy balance. FFM and daily energy balance explained 31.7% (P`0.001) and 24.8% (P`0.001) of the variance of sleeping fat oxidation, respectively. Fat mass, physical activity level and V Á O 2max were not signi®cant predictors. Sleeping fat oxidation, adjusted for differences in FFM and daily energy balance, increased signi®cantly by 26.1% after 7 weeks of training (3.38AE 0.20 vs 2.68AE 0.20 g.h À1 , P 0.02, ANCOVA). Thereafter, it decreased signi®cantly to its initial level (2.64 AE 0.20 g.h À1 , P 0.01, ANCOVA) (Figure 1) .
After correction for variations in daily energy balance, within-subject changes in sleeping fat oxidation over the ®rst 7 weeks of training were positively correlated to variations in FFM (r 2 0.39, P 0.02): the higher the FFM gain, the higher the increase in fat oxidation. Within-subject changes in sleeping fat oxidation were negatively correlated to variations in V Á O 2max (r 2 0.31, P`0.05): the higher the increase in V Á O 2max , the lower the increase in fat oxidation. The two parameters explained 57% of the variance in sleeping fat oxidation during the ®rst 7 weeks of training (P 0.01). Relationships were no longer signi®cant when considering variations between the 7th and 14th week of training (Figures 2 and 3 ).
Variations in daily fat oxidation
Similar results were obtained for between-subject variations in daily fat oxidation as for sleeping fat oxidation: FFM and daily energy balance explained 54.8 and 14.8% of the variance of daily fat oxidation, respectively. After adjustment for differences in FFM and daily energy balance, daily fat oxidation was still 11.9% higher after 7 weeks of training than before and after 14 weeks of training (P 0.20, ANCOVA) ( Figure 1) .
Alterations in fat oxidation during the waking period (that is daily fat oxidation ± sleeping fat oxidation extrapolated to 8 h) were examined. Fat oxidation during the waking period, adjusted for differences in FFM and daily energy balance, averaged 4.09AE .029, 4.58AE 0.29 and 4.19 AE 0.29 g.h À1 before, and after 7 and 14 weeks of training, respectively (P 0.44, ANCOVA).
Discussion
The present results showed that, in initially sedentary elderly people, under standardised conditions (controlled light-activity programme and composition of food intake, neutral daily energy balance), fat oxidation increased both over 24 h ( 12%) and during sleep ( 26%) after 7 weeks of progressive endurance training. Thereafter, it returned to its initial level Training effects on fat oxidation in the elderly B Morio et al Figure 1 Sleeping (u) and daily (j) fat oxidation variations before, and after 7 and 14 weeks of training. Sleeping and daily fat oxidation variations were studied using an analysis of covariance. Fat free mass (FFM) and daily energy balance were used as predictors. Training stages (before, after 7 and after 14 weeks of training) were introduced as a 3-level discrete variable. Figure 2 Relationships between variations in sleeping fat oxidation and variations in FFM (j), and in VO 2max (u) during the ®rst 7 weeks of training using the linear-regression model. Sleeping fat oxidation was corrected for the variations in daily energy balance.
Training effects on fat oxidation in the elderly B Morio et al between the 7th and 14th week of training. Therefore, the endurance training programme has induced transient alterations in fat oxidation which may have contributed to the observed fat mass loss.
In agreement with our hypothesis, our results showed that 32% of the variance in sleeping fat oxidation and 55% of the variance in daily fat oxidation were explained by between-subject differences in FFM. Moreover, regarding the determinants of within-subject alterations in fat oxidation during the training period, 35% of the increase in fat oxidation observed after 7 weeks of training was explained by FFM gain. The latter result is in agreement with those of a previous study where alterations in resting fat oxidation were analysed after 8 weeks of endurance training in 18 sedentary elderly people: 14% of the increase in resting fat oxidation was explained by FFM gain. 9 Thirty six percent of the increase in fat oxidation was related to an increased noradrenaline appearance rate, 9 however 50% remained to be explained. It has been reported that b-adrenergic stimulation was involved in the increased resting fat oxidation observed in young trained subjects compared with sedentary subjects. 8 In addition, a higher sensitivity to catecholamines could be suspected. 21 Catecholamines are likely to stimulate the triglyceride-FFA substrate cycle at rest, therefore facilitating FFA utilisation, as shown in young trained subjects compared with sedentary subjects. 21 Moreover, catecholamines stimulate NA -K -ATPase activity 22 which has been positively correlated with resting fat oxidation in young adults. 23 Alterations mediated by catecholamines at the muscle level are still poorly understood. On the contrary, endurance training effects on muscle ®bre types, vascularisation and enzymatic activity have been extensively studied. The compiled results suggest that endurance training can improve fat oxidation at the muscle level by different means. In elderly people, endurance training induces an hypertrophy of the oxidative muscular ®bres and increases capillary density. 24 It therefore improves the aerobic capacities of muscles. Changes in FFA availability and in the enzymatic steps involved in fat oxidation could be associated factors. In fact, endurance training has been shown to increase synthesis andaor activity of lipoprotein lipase, 25 fatty-acid binding protein, 26 carnitylacyl transferases 1 and 2 27, 28 and enzymes of the oxidative pathway 29, 30 in muscles of young or elderly people (except for the carnityl-acyl transferases 1 and 2 which have been studied in rats). The higher intramitochondrial availability of FFA could, therefore, promote their metabolism at the expense of glucose as described by Randle et al. 31 However, increase in FFA availability was shown to play a minor role in the control of substrate oxidation. 32 Another possible explanation is that the increase in FFA oxidation could result from a decreased availability for pyruvate for oxidation. Training effects on fat oxidation in the elderly B Morio et al
The negative relationship found in our study between variations in sleeping fat oxidation and in V Á O 2max (after 7 weeks of training) is intriguing. However, between-subject differences in the training schedule could explain part of this ®nding. In fact, a progressive mode of training was chosen because the elderly subjects were sedentary. During the ®rst 2 weeks, the volunteers started training at a low level of intensity to become accustomed to the effort on a cycle ergometer. Then, they were encouraged to gradually increase their effort. The target was to reach a level of intensity above lactic threshold. Moreover, duration of the training exercise was progressively increased, since both intensity and duration of training exercise improve physical capacities. 33 The training was therefore progressive throughout the whole protocol. However, volunteers did not have exactly the same training schedule since intensity and duration of the training exercise were increased individually according to the feeling of fatigue. We found in the present study that the higher the relative intensity of the training exercise after 7 weeks of training, the higher the increase in V Á O 2max but the lower the increase in sleeping fat oxidation (data not shown). This could be related to the greater dependance of muscle on glucose for energy release during intensive training. 34 Another interesting ®nding in this study is the decrease in fat oxidation between the 7th and 14th week of training. This was observed under standardised conditions (controlled light-activity programme and composition of food intake, neutral daily energy balance) and occurred despite a 3% increase in FFM. This result does not agree with the high increase in daily fat oxidation described by Treuth et al. 10 after 16 weeks of resistance training. However, the latter study took place in the context of negative energy balance which is known to increase fat oxidation: the observed 39 g increase in daily fat oxidation (that is one third of daily fat intake) is dif®cult to match with the absence of changes in body composition. In the present study, the decrease in fat oxidation could have resulted from physiological or metabolic adaptations, although behavioural adaptations could also be suspected (for example changes in food intake or intensity of spontaneous activity). The nature of our training programme could partly explain the physiological or metabolic adaptations. As a matter of fact, the intensity was progressively increased and the subjects trained above their lactic threshold between the 7th and 14th weeks. This situation is known to stimulate carbohydrate metabolism at the expense of FFA oxidation. 34 Moreover, it is well known that endurance training improves insulin sensitivity in young adults as well as in elderly people 35, 36 and improved insulin action has been associated with a higher glucose uptake at the muscle level. 35 Moreover, under hyperinsulinaemic hyperglycaemic conditions, insulin andaor glucose have been shown to inhibit fat oxidation by controlling the rate of long chain FFA entrance into the mitochondria. 37 This could be associated with the stimulant effect of insulin and glucose on the production of malonyl-CoA, a powerful inhibitor of the FFA carrier into the mitochondria. 38 Therefore, higher glucose availability and a lower intra-mitochondrial FFA availability could promote glucose oxidation at the expense of FFA oxidation. In other respects, our results may suggest a down-regulation of the sympathetic nervous system activity andaor of the sensitivity to catecholamines. Tremblay et al 39 showed that the effect of adrenaline on fat cell lipolysis failed to increase as a result of endurance training in previously obese trained men (who had lost fat mass) when compared with elite long-distance runners. A decrease in the contribution of fat oxidation to basal metabolic rate was also described after weight loss in moderately obese women and was correlated with fat mass loss. 40 A lower plasma FFA availability due to fat mass loss could participate to the decrease in fat oxidation, since plasma FFA concentration was shown to determine plasma FFA oxidation in young adults. 41 However, our data failed to demonstrate any signi®cant fall in plasma FFA concentrations between the 7th and 14th week of training. Moreover, no signi®cant correlations were found between the decrease in sleeping or daily fat oxidation and fat mass loss. Our results might therefore suggest an interaction between the metabolic effects of an improved insulin sensitivity and changes in sympathetic nervous system activity andaor catecholamine sensitivity. This implies competition between glucose and FFA utilisation.
In addition to alterations in sleeping or basal fat oxidation, daily fat oxidation has to be taken into account to understand changes in daily fat balance, from which fat mass loss or gain is determined. During sleep, the metabolic rate of liver, heart and skeletal muscles determines fat oxidation. It is however dif®cult to predict the consequences of changes in FFM or FFM metabolic rate on daily fat oxidation since complex alterations in fat oxidation occur during the waking period (physical activity, carbohydrate intakes). Our results showed a transient increase in daily fat oxidation measured in standardised conditions after 7 weeks of training. In free-living conditions, the volunteers were in a negative daily fat balance during both the ®rst 7 weeks of training and between the 7th and 14th week of training, since they lost fat throughout the training period. However, we did not have any information about the kinetics of daily fat oxidation during the ®rst 7 weeks and the last 7 weeks of the training period. Variations may have been continuous or occurred after a latency delay of several weeks. As a matter of fact, the intensity of exercises was low during the ®rst two weeks of training, then it was increased progressively up to the 7th week of training. Therefore, the effects of increased exercise on fat oxidation may have been delayed, which could explain that the fat mass loss was only 0.7 kg during the ®rst 7 week training period. Furthermore, the peak effects of training on daily fat
Training effects on fat oxidation in the elderly B Morio et al oxidation are unknown, as well as its prolongation between the 7th and the 14th weeks of training. Therefore, in spite of the lower daily fat oxidation observed after 14 weeks of training, an extended effect of training after the 7th week could partly explain the greater fat mass loss between the 7th and the 14th weeks of training than during the ®rst seven weeks (2.4 vs 0.7 kg).
Conclusion
Endurance training of initially sedentary elderly subjects was associated with transient increase in sleeping fat oxidation. The latter was observed after 7 weeks of training below lactic threshold and was partly related to an increase in FFM. A decrease in sleeping fat oxidation was observed after a further 7 weeks of training above lactic threshold and was not correlated with the alterations in FFM. Similar transient alterations were observed in daily fat oxidation measured in standardised conditions, which resulted in a transient decrease in daily fat balance observed after the ®rst 7 weeks of training. In free-living conditions, an increase in daily fat oxidation could be suspected but the kinetics are unknown. This may have resulted in a negative fat balance, leading to the observed fat mass loss. In addition, our results suggest that major metabolic adaptations are likely to occur at the muscle level during endurance training in elderly people.
Further studies focussed on substrate metabolism in muscle tissue are therefore needed.
